Since 1969, the European Union approves food-grade titanium dioxide (TiO 2 ), also known as E171 colouring food additive. E171 is a mixture of micro-sized particles (MPs) and nano-sized particles (NPs). Previous studies have indicated adverse effects of oral exposure to E171, i.e. facilitation of colon tumour growth. This could potentially be partially mediated by the capacity to induce reactive oxygen species (ROS). The aim of the present study is to determine whether E171 exposure induces ROS formation and DNA damage in an in vitro model using human Caco-2 and HCT116 cells and to investigate the contribution of the separate MPs and NPs TiO 2 fractions to these effects. After suspension of the particles in Hanks' balanced salt solution buffer and cell culture medium with either bovine serum albumin (BSA) or foetal bovine serum, characterization of the particles was performed by dynamic light scattering, ROS formation was determined by electron spin/paramagnetic resonance spectroscopy and DNA damage was determined by the comet and micronucleus assays. The results showed that E171, MPs and NPs are stable in cell culture medium with 0.05% BSA. The capacity for ROS generation in a cell-free environment was highest for E171, followed by NPs and MPs. Only MPs were capable to induce ROS formation in exposed Caco-2 cells. E171, MPs and NPs all induced single-strand DNA breaks. Chromosome damage was shown to be induced by E171, as tested with the micronucleus assay in HCT116 cells. In conclusion, E171 has the capability to induce ROS formation in a cell-free environment and E171, MPs and NPs have genotoxic potential. The capacity of E171 to induce ROS formation and DNA damage raises concerns about potential adverse effects associated with E171 (TiO 2 ) in food.
Introduction
Since 1969, the European Union approved the use of food-grade titanium dioxide (TiO 2 ) known as E171 colouring food additive. TiO 2 is a white pigment used as a colouring agent in many products such as food and personal care products (1) (2) (3) (4) . E171 is used in food such as in salad dressing, gum, icing, cookies and candies (5) and even though TiO 2 is sourced from rutile, anatase and brookite, the European Union allows E171 in the food only as anatase form (5) . According to the European Union, E171 belongs to the Group II: food colours authorised at quantum satis which means 'no maximum level is specified and that it should be used at levels not higher than deemed necessary for the product' (5) . In the USA, the Food and Drug Administration allows the food additive E171 as long as it does not exceed 1% by total weight of the product (6) .
Inhalation studies with TiO 2 exposure have demonstrated adverse effects, including 8-OHdG DNA adduct formation and genotoxicity (7) (8) (9) (10) (11) . In 2010, the International Agency for Research in Cancer classified TiO 2 as possible carcinogen to humans (Group 2B) (12) . For these reasons, concern about oral consumption of E171 has been raised (13) (14) (15) (16) (17) .
E171 is a mixture of micro-sized particles (MPs; 64%) and nanosized particles (NPs; 36%) (4) and the NPs proportion is expected to increase in the decades to come (18) . NPs have a higher surface area than MPs allowing them to have more interaction with the cells, which in turn can induce reactive oxygen species (ROS) formation after internalization. The exposure of cells to particles can lead to oxidative stress as has been shown for other particles (19, 20) . Cellular oxidative stress induced by exposure to TiO 2 NPs could lead to potential non-selective DNA damage through the generation of the superoxide anion (21) , the precursor of the highly reactive hydroxyl radical, which is a well-known potent mutagen that attacks DNA (22) (23) (24) . MPs of TiO 2 can accumulate in lymphoid tissue after oral ingestion (25) and also in macrophages of human gut-associated lymphoid tissue (26) . The nano-sized fraction is able to cause anaemia and genotoxicity by intragastric administration in a rat experimental model (27) . In addition, we previously found that intragastric E171 administration enhanced the tumour formation, induced chemically by azoxymethane/dextran sodium sulphate (AOM/DSS) in colon of exposed mice (28) . The cellular mechanism of damage after internalization of E171, MPs and NPs has not been established yet, but ROS formation could contribute to the induction of cell damage. Therefore, we hypothesise that nano-sized and micro-sized fractions of E171 could have a different contribution in ROS formation and induction of DNA damage. To test our hypothesis, we measured ROS formation induced by E171, TiO 2 MPs and NPs in cell-free conditions using electron spin resonance (ESR)/paramagnetic resonance spectroscopy recognised as a 'gold standard' and state-of the art tool for detection and quantification of ROS and free radicals (29, 30) . This technique is particularly preferred in studying the effect of E171 as photocatalytic properties of TiO 2 cause interference in fluorescent or chemiluminescent assays (31, 32) . Furthermore, we determined the DNA damage induced by these different types of particles by the comet and micronuclei frequency (MN) assays in colon-derived cell lines exposed to non-cytotoxic E171, TiO 2 MPs and NPs concentrations.
Materials and methods

TiO 2 particles properties
E171 was kindly donated by the Sensient Technologies Company in Mexico. TiO 2 MPs were customarily made by PlasmaChem with an average size of 535 nm characterised by transmission electron microscopy. TiO 2 NPs were purchased at Io-Li-Tec (Germany) and are 99.5% anatase with particle size of 10-25 nm and a specific surface area of 50-150 m 2 /g according to manufacturer's information. All particles were sterilised at 121°C for 20 min prior use.
Dispersion of TiO 2 particles
TiO 2 particles (E171, NPs or MPs) were weighed into glass tubes and dispersed in 0.05% bovine serum albumin (BSA) Dulbecco's modified Eagle's medium (DMEM) (Sigma Aldrich), Hank's balanced salt solution (HBSS) supplemented with Mg 2+ and Ca 2+ (Life Technologies, The Netherlands) or phosphate-buffered saline at a concentration of 1 mg/mL. Particles stock suspensions were sonicated in a bath sonicator (Branson 2200, 40 kHz) for 30 min and further used to prepare the dilutions needed for exposure.
For the MN assay, 1 mg of E171 particles was dispersed in medium with 10% fetal bovine serum (FBS), because 10% FBS is recommended for MN assays in order to avoid false positive results in cell cultures (33) .
Characterization of TiO 2 particles with electron microscopy and DLS Scios DualBeam FIB/SEM (SEM, 20 kV, Holland) was used at different magnification from ×50 000 for the MPs to ×150 000 for E171 and NPs to evaluate the size and morphology of E171, MPs and NPs. All samples were spread on carbon tape and sputter coated with gold before scanning electron microscopic (SEM) analysis. The size of the particles were measured on several pictures by the software Image J, more than 100 particles were measured for each sample.
To characterise the hydrodynamic size distribution and the zeta potential of the TiO 2 particles (E171, NPs and MPs), a Malvern Nano ZS (Malvern Instruments, UK) dynamic light scattering (DLS) instrument equipped with a 633 nm helium-neon laser was used. Two representative dispersions 0.001 and 1 mg/mL (corresponding to 0.143 and 143 µg/cm 2 , respectively) dispersed in 0.05% BSA DMEM or HBSS supplemented with Mg 2+ and Ca 2+ or McCoy +10% FBS were prepared in duplicate and transferred in a disposable folded capillary (DTS 1060, Malvern Instruments). Measurements were performed in triplicate at 25°C, with equilibration time set at 0 s, a viscosity at 0.8872 cP and a refracting index of 1.330. The zeta potential indicates the potential stability of the colloidal system which in our study is solid particles dispersed in liquid (0.05% BSA medium, 10% FBS medium or buffer). When the zeta potential have large negative or positive potential (±30 mV), they will tend to repel each other where there is no tendency to agglomerate. In contrast, if the particles have low zeta potential values, there is no force to prevent the particles attaching to each other and agglomerating.
Cell culture of colon Caco-2 cells
The human colon carcinoma cell line Caco-2 was obtained from the American Type Culture Collection (ATCC® HTB-37™) and cultured in DMEM supplemented with glutamine, glucose, sodium pyruvate, penicillin/streptomycin and 10% heat-inactivated FBS. Cells were grown and maintained at 37°C in a humidified incubator containing 5% carbon dioxide (CO 2 ). For experiments, Caco-2 cells were seeded in 21 cm 2 culture dishes and grown for 3 days to reach 80-100% confluency in 10% FBS medium in order to obtain ±3. 10 6 cells/dish.
Cell culture of colon HCT116 cells
Due to the heterogeneity and genetic instability of the Caco-2 cells, we used the recommended HCT116 cell line for MN assays, which has genomic stability (34) . The human colon adenocarcinoma (HCT116) cell line was obtained from the American Type Culture Collection (ATCC® CCL-247™). HCT116 cells were incubated in a 37°C and 5% CO 2 atmosphere and maintained in McCoy 5a-modified medium with 1.5 mM l-glutamine and 2.2 mg/mL sodium bicarbonate (in vitro, no. cat. ME-042) supplemented with 10% FBS (Biowest, no. cat. US1520).
Cytotoxicity of TiO 2 particles to Caco-2 cells
Prior to exposure, colon Caco-2 cells were cultured for 3 days in 10% FBS medium and thereafter washed twice with HBSS. Then, cells were exposed to a range of concentrations E171, MPs or NPs (0.143-143 µg/cm 2 which equivalents to 0.001-1 mg/mL), dispersed in 0.05% BSA medium, for 24 h. Three different viability/cytotoxicity tests were performed: lactate dehydrogenase (LDH), thiazolyl blue tetrazolium bromide (MTT) and Trypan blue assays, two of them showed interaction between the test and the particles. Then, the viability of the cells was assessed with Trypan blue assay. After 24 h, cells were washed twice with HBSS followed by trypsinization of the cells and counted with an automatic cell counter (Logos Biosystems) where Trypan blue stain (0.4%) was added to the cell suspension (1:1). Non-cytotoxic concentrations of E171, TiO 2 NPs or MPs were selected based on viability (>80%) of the cells. Triton-X-100 (SigmaAldrich) (1%) was added to the cells as positive control.
Cytotoxicity of E171 to HCT116 cells
For HCT116 cells, the viability was assessed by Trypan blue assay. After 24 h of exposure to 0, 5, 10, 50 and 100 µg/cm 2 (0, 50, 100, 500 and 1000 µg/mL, respectively) of E171, cells were washed twice with HBSS followed by trypsinization and cells were counted with a Neubauer chamber. Living cells were identified by adding Trypan blue stain (0.4%) to 10 µL of cell suspension (1:2).
ROS formation assessed by ESR spectroscopy
ROS quantification in acellular conditions
Particles were dispersed and stock suspensions of 1 mg/mL were serially diluted in 0.05% BSA medium, HBSS supplemented with Ca 2+ and Mg 2+ or PBS (1×). To assess the capacity of ROS formation by TiO 2 particles, suspensions were incubated in a CO 2 incubator at 37°C with 50 mM 5,5-dimethyl-1-pyrroline N-oxide (DMPO) for 30 min. Hydrogen peroxide (H 2 O 2 ; 1 mM) was added to particles suspensions to assess the reactions that could take place in an alkali environment. After incubation, homogenised particles suspension was taken up into a 100-µL glass capillary. Radical formation was measured by ESR spectroscopy.
ROS quantification in exposed cell cultures
The experiment was performed according to the protocol of Nymark et al. (35) . In brief, Caco-2 cells (passage 24-32) were cultured as explained previously. Particles were dispersed and stock suspensions of 1 mg/mL were serially diluted in dispersion suspensions to obtain non-cytotoxic concentrations of 0.143 and 1.43 µg/cm 2 (which equivalents to 0.001 and 0.01 mg/mL, respectively). Prior exposure, cells were washed twice with HBSS supplemented with Ca 2+ and Mg
2+
. Cells were exposed to non-cytotoxic concentrations of E171, NPs or MPs in a CO 2 incubator at 37°C for several exposure times (30 min, 1, 2, 4, 6 and 24 h, respectively). The maximum signal was seen at 1 h exposure. In addition, H 2 O 2 was added at a non-cytotoxic concentration (20 µM, according to cytotoxicity tests by Briedé et al. (36) to cells together with particles suspensions to mimic an inflammatory environment. Thirty minutes before ending the exposure, spin trap DMPO (50 mM) was added to the cells and incubated at 37°C. This incubation time was based and tested for TiO 2 on previous time course experiments performed by Hebels et al., where at 30 min the highest DMPO radical adduct concentration generation was found (37) . After exposure, cells were harvested by scraping and taken up into a 100-µL glass capillary and radical formation was measured by ESR spectrometry.
The same protocol was used for a co-exposure with AOM was added at a non-cytotoxic concentration (20 µg/mL) to the cells together with particles suspensions. The concentration AOM was confirmed as non-cytotoxic with Trypan blue viability tests (data not shown).
ESR spectroscopy measurements
Radical formation in response to non-cytotoxic concentrations of TiO 2 was measured by ESR spectroscopy. Before use, DMPO was purified according to the protocol of Hebels et al. (37) . Stock solutions of DMPO were tested on forehand on •OH formation by H 2 O 2 and ferrous sulphate (0.75 mM) to verify the activity of DMPO (data not shown). After sealing, the capillary was immediately placed in the resonator in the ESR spectrometer. All measurements were performed in the dark. ESR spectra were recorded with the same conditions as Nymark et al. and Hebels et al. (35, 37) .
DNA damage assessment in Caco-2 cell cultures by the comet assay Cells were grown for 3 days to reach confluency of 80-90% and were washed twice with HBSS before exposure. Cells were exposed to non-cytotoxic concentrations E171, NPs or MPs in a CO 2 incubator at 37°C for 24 h with or without 20 µg/mL AOM (Sigma Aldrich), a genotoxicant. Each condition was assessed in duplicate. As a positive control, cells were exposed for 30 min to 200 µM H 2 O 2 . The assay was performed as described by Hebels et al. (38) . Comet appearances were analysed using fluorescence microscope (Zeiss, Germany) at ×400 magnification using immersion oil (supplementary Figure 2 , available at Mutagenesis Online). A total of randomly selected 50 cells were analysed per slide per experiment. Comet image analysis software program was used for quantification of DNA damage. Comet tail and intensity were measured by using Comet IV software. The median tail intensity was used as DNA damage indicator. All experiments were made with four biological replicates and in duplicate, each duplicate was put on two slides (n = 16).
Chromosome damage in HCT116 cells assessed by MN assay
HCT116 cells were seeded 150 000 cells on 6 cm 2 coverslips. Cells were treated with 0, 5, 10, 50 and 100 µg/cm 2 (0, 50, 100, 500 and 1000 µg/mL respectively) of E171 for 24 h. MN assay cannot be assessed in cell cultures exposed to 100 µg/cm 2 or more since agglomerates interfere with MN identification. MN assay was carried out as described by Fenech (39) . Briefly, to block the cytokinesis and to obtain binucleated cells, after 24 h of treatment, the medium with E171 was removed and cells were washed with PBS and treated with 4.5 µg/mL of cytochalasin B (Cyt-B; Sigma-Aldrich, no. cat. C6762) for 24 h. After treatment with Cyt-B, the cells were fixed with 1 mL of paraformaldehyde 3% for 1 h and stained with Hoescht 1:200 (Thermo Scientific, no. cat. 62249) at 37°C and constant agitation for 1 h. The slides were scored using an Axio Vert. A1 Carl Zeiss fluorescence microscope at ×1000 magnification under oil immersion. To calculate the frequency of binucleated cells with MN and the total number of MN, 1000 binucleated cells were scored and classified according to their number of micronucleus. The frequency was expressed as the percentage of binucleated cells with micronucleus in 1000 binucleated cells. All experiments were made in triplicate.
E171 interaction with kinetochore poles
HCT116 cells were seeded (1.5 × 10 5 cells) on coverslips and a stock of E171 particles were resuspended in cell culture medium supplemented with FBS 10%. Cell cultures were exposed to final concentrations of 5, 10, 50 and 100 µg/cm 2 for 24 h. After exposure, cells were washed with PBS, fixed with 2% paraformaldehyde and permeabilised with a solution containing 0.1% sodium citrate and 0.1% Triton. Nonspecific binding sites were blocked by incubating cells with 5% BSA, and then the cells were stained with a 1:200 dilution of mouse monoclonal anti-α-tubulin antibody and 4′,6-diamidino-2-phenylindole (1 μg/mL), followed by a 1:150 dilution of anti-mouse fluorescein isothiocyanate-conjugated immunoglobulin G antibody. Three independent experiments were performed and three random fields were analysed in each slide using an Axio Vert. A1 Carl Zeiss fluorescence microscope at ×1000 magnification under oil immersion.
Data analysis
Each (cellular) experiment was performed with three biological replicates with each unique sample in duplicate. Results were expressed as mean ± standard error (SE) except for cytotoxicity results that were expressed as mean ± standard deviation (SD). Differences between groups were evaluated using analysis of variance (ANOVA) except for cytotoxicity assay results that were evaluated using unpaired twotailed Student's t-test. For the MN assay, four independent assays were performed, and the data were analysed by one-way ANOVA and the groups were compared with control by Dunnett's test. Differences were considered significant with a P value <0.05.
Results
Particle characterisation
SEM characterization
The SEM characterisation revealed that the TiO 2 powder consists of particles of different sizes and that it contains slightly to rounded particles ( Figure 1 ). The characterisation of the primary size of the particle was performed from several pictures of each particle. The manufacturer's information on the NPs was verified, measuring a range from 10 to 30 nm (while the manufacturer indicated 15-25 nm) and on the MPs (measuring above 100 nm as indicated by the manufacturer). Furthermore, the characterisation made by Weir et al. on the E171 can be confirmed, because a proportion of 39% NPs and 61% MPs was found, while Weir et al. found 36% NPs and 64% MPs (4). To finish, the similarity of the three-dimensional structures of E171, TiO 2 NPs and MPs were confirmed by SEM. Agglomeration and aggregation can be observed on the different images. Agglomerates/ aggregates of tens to hundreds of nanometres were formed with surface irregularities which correspond to the single particles.
Characterisation by DLS
Hydrodynamic size and zeta potential of E171 were characterised using a Malvern Nano ZS DLS instrument. Particles were then dispersed in medium DMEM + 0.05% BSA, in HBSS buffer and in McCoy + 10% FBS at two different concentrations: 0.001 and 1 mg/ mL (0.143 and 143 µg/cm 2 respectively). Even though some samples have a high polydispersity index, the presence of serum reduces the agglomeration of the particles after 30 min of sonication (40 kHz; Table 1 ). The stock suspension of 1 mg/mL has the lowest hydrodynamic size at 316.8 ± 282.4 dynamic nm (d.nm) with E171 in McCoy + 10% FBS and the highest size at 3085.00 ± 187.82 d.nm with E171 in HBSS. This can also be observed for the MPs at a concentration of 1 mg/mL and the NPs at a concentration of 0.001 mg/ mL. This shows the importance of serum to improve the dispersion and the stability of the suspension. There is a significant size difference between the presence and the absence of serum at a concentration of 1 mg/mL: without added serum (HBSS), the average hydrodynamic size of the particles is higher than 1000 d.nm for all samples, whereas with serum it starts at 669.62 ± 17.40 d.nm. All sizes are in the micro range except in HBSS which has its first size at 5.34 d.nm.
The results of the 1.10 -3 mg/mL show two to three different sizes depending on the type of particle and suspension. All sizes of MPs and NPs are in the micro range. Surprisingly, E171 has the lowest hydrodynamic size in DMEM (316. 
Zeta potential
The results obtained by the zeta potential are presented in Table 1 , which shows that there is a significant difference between the dispersion in with medium with serum and buffer (HBSS) except at a concentration of 0.001 mg/mL. As, in total, three different concentrations were tested, this difference between the buffer and the medium can be explained by the addition of serum even at low concentrations (0.05%) leads to more colloidal stability which results in a decrease of aggregation and agglomeration of the particles hence to a slightly more stable suspensions. However, the zeta potential values are between −30 mV and +30 mV, which indicate that the suspensions remain unstable (40, 41) .
Cytotoxicity of E171, MPs and NPs
2 . HCT116 cells did not show signs of cytotoxicity up to the concentration of 100 µg/cm 2 ( Figure 3 ).
ROS quantification under cell-free conditions
The capacity of the particles to produce ROS under cell-free conditions was investigated (Figure 4) . Suspensions of E171 particles were prepared in HBSS prior to testing. The particles were also tested in medium with 0.05% BSA, which showed no ROS production (data not shown). This can be attributed to the presence of proteins present in BSA, which form a protein corona that scavenges ROS. E171 had the highest capacity to produce ROS in suspensions with the concentration of 143 µg/cm 2 ( 
ROS quantification in Caco-2 cells exposed to particles
As previously explained, HBSS buffer was chosen as dispersion suspension for the measurement of ROS since no ROS formation was detected when particles were dispersed in 0.05% BSA medium. First, a time course was performed, which showed that the best exposure time to observe ROS formation is 1 h (data not shown). Figure 5 shows the peak height calculated from the DMPO-OH signal obtained from cellular radical formation. Caco-2 cells exposed to MPs at a concentration of 1.43 µg/cm 2 produce significant amounts of ROS. Indeed, these results were the most stable ones with a lower SD. The ESR machine is very sensitive, the SD can differ due to biological differences with the presence of cells. A significant level of ROS formation was also determined when cells were exposed to MPs at the lowest non-cytotoxic concentration (1.43 × 10 −1 µg/cm 2 ) of MPs co-exposed to H 2 O 2 . Either with or without H 2 O 2 , no significant ROS formation was found after E171 or NPs exposure as compared to the control. In a cellular environment, only MPs were capable of inducing ROS production, whereas E171 and NPs did not induce ROS.
We hypothesised that E171 enhances the genotoxic effects of AOM in Caco-2 cells via the production of ROS. Therefore, Caco-2 cells were exposed simultaneously to the genotoxic compound AOM and to E171, MPs and NPs at non-cytotoxic concentrations. Co-exposure of AOM did not lead to significant increased ROS levels as compared to AOM alone. No significant difference was found between TiO 2 exposure and exposure to AOM of Caco-2 cells ( Figure 5 ).
Single-strand DNA breaks in Caco-2 cell cultures exposed to E171, MP and NPs
The level of single-strand DNA breaks and alkali-labile sites including abasic sites were assessed by the comet assay and the median tail intensity was significantly higher after exposure to H 2 O 2 as compared to AOM. Cells were co-exposed with different particles: E171, NPs or MPs with or without AOM. The results show that E171, MPs and NPs had a capacity to induce single-strand DNA breaks in Caco-2 cells either with or without the presence of AOM (Figure 6 ). For the NPs, another non-cytotoxic concentration was tested, no dose-response on these particles is observed.
E171 induced chromosome damage in HCT116 cell cultures
To investigate whether single-strand DNA breaks induced by E171 exposure could cause further chromosome damage, we selected HCT116 as a chromosomally stable cell line to perform an MN assay (42) under non-cytotoxic conditions. First, we exposed HCT116 cell cultures to 5, 10, 50 and 100 µg/cm 2 of E171 and no decrease in cell viability was found measured by Trypan blue assay ( Figure 3) . We found an increase in MN formation ( Figure 7A ) of 1.9-, 2.4-and 3.6-fold of increase in cell cultures exposed to 5, 10 and 50 µg/cm 2 , respectively ( Figure 7B ). Frequency of binucleated cells with micronucleus in 1000 binucleated cells after exposure to 5, 10 and 50 µg/cm 2 of E171 was 1.76, 3.3, 4.1 and 6.6%, respectively. MN in cells exposed to 100 µg/cm 2 could not be assessed.
E171 interaction with the kinetochore
Since DNA damage could be attributed to E171 interaction during disassembly of nuclear envelope for cell division, we investigated whether E171 can interact with kinetochores in exposed HCT116 cell cultures. E171 seems to interact with the centromere region of kinetochore poles during mitosis (Figure 8 ). The union of particles with the poles of centromeres appears to be a co-localization of E171 with α-tubulin, thus suggesting that E171 particles were attached to DNA of mitotic cells (Figure 8 ).
Discussion
We found that TiO 2 particles as they are present in the food additive E171 are able to induce ROS formation and DNA damage in colon-derived Caco-2 and HCT116 cell lines. These effects may in part explain earlier findings of facilitation of colon tumour growth in an animal model after ingestion of relevant quantities of E171 (28) . Effects were dependent on the size of the particles; indeed, MPs induced ROS formation in cellular environment, whereas all particles induced DNA damage. In order to assess the interaction of the particles with the medium and buffer, the particles were characterised and the zeta potential was determined using DLS (Table 1) . A dispersing agent such as BSA or FBS is needed to stabilise and disperse E171, TiO 2 NPs and MPs, as already shown for different nanomaterials including TiO 2 (43, 44) and has been applied in larger harmonized studies on nanomaterials genotoxicity (45) . We observed less aggregation and noted that E171, NPs or MPs were more stable, while their hydrodynamic size was significantly lower in medium with 0.05% BSA or medium with 10% FBS than in HBSS buffer.
To assess the cytotoxicity of the particles, a Trypan blue viability assay was performed. Initially, we applied the MTT and LDH assay (data not shown), but we found interference between TiO 2 and viability assays like LDH, MTT and WST-1. Such interference is also reported by others (30, 46, 47) . For this reason, we applied the Trypan blue assay. The interference with the Trypan blue assay was circumvented by checking an eye on the screen of the cell counter whether the cells tagged by Trypan blue correspond to living Caco-2 cells or not. Furthermore, the results of the cell counter were compared with the one done at the microscope directly and these corroborate (supplementary Figure 1 , available at Mutagenesis Online). The results showed that E171 is cytotoxic in Caco-2 cells at a lower concentration than the NPs and MPs. However, E171 has no toxic effects in HCT116 cell cultures at concentrations used in this study (5, 10, 50 and 100 µg/cm 2 ) ( Figure 2 ). As E171 comprises 39% NPs and 61% MPs (Figure 1) , which confirms previous findings by Weir et al. (4), we suggest that the Figure 5 . Intensity of cellular radical formation at non-cytotoxic concentrations E171, MPs and NPs in HBSS in cellular (Caco-2) co-exposed to 1 mM of H 2 O 2 or 20 µg/mL AOM shown on x-axis. The y-axis represents the average total peak height of obtained ESR spectra calculated per sample. Significant difference compared with the control (*P < 0.05, mean ± SE). Three independent experiments were performed, each of them was performed in duplicate, n = 12. Figure 6 . DNA damage in Caco-2 cells after 24h exposure to E171, MPs and NPs. All treatments were at a non-cytotoxic concentration of 0.143 µg/cm 2 with or without co-exposure of AOM. For the NPs a higher non-cytotoxic concentration was added, 1.43 µg/mL with and without AOM. Thirty minutes exposure of 200 µM H 2 O 2 was used as positive control, AOM; 20 µg/mL AOM. DNA damage is represented by median tail intensity shown at y-axis. All conditions are compared with the control (*P < 0.05, **P < 0.001; mean ± SE). The average is from four independent experiments, each of them was performed in duplicate and every sample was on two slides, n = 16.
combination of NPs and MPs is more cytotoxic to Caco-2 cells than NPs or MPs alone. Other studies (13, 48) only focussed on TiO 2 NPs, and fewer studies have been performed using TiO 2 food grade. In line with our data, concentrations up to 0.1 mg/mL TiO 2 NPs (in this study it corresponds to 14.3 µg/cm 2 ) were also found to be non-cytotoxic in human lung epithelial cells (49) with the Trypan blue exclusion tests. Furthermore, in other cell lines, such as human neural cells and normal fibroblasts, MPs and NPs are equally effective in inducing cell death in human neural cells and normal fibroblasts (50) . This implies that some effects are not only due to the size of the particles. Furthermore, we suggest that particle accumulation is different in Caco-2 and HCT116 cells, because nanoparticle internalisation depends on cell type, as it has been demonstrated that internalisation of gold nanoparticles sized in 50 nm is approximately 2-fold higher in macrophages than in human liver cancer cells after 24 h of exposure (51) .
In addition, even if both types of cells are epithelial cultures derived from colon, the cytotoxicity of E171 particles can be lower in HCT116 cells (Figure 3) , firstly, because the modal chromosome number at 45 in this cell line confers higher genomic stability than Caco-2 cells, which have a stemline modal chromosome number of 96 (http://www.atcc.org/products/all/HTB-37.aspx#characteristics). Secondly, HCT116 cell line has a p16 mutation that leads to increased proliferation with evasion of cell cycle arrest (52, 53) .
Based on these data, we used equal non-cytotoxic concentrations for all three types of particles for further studies on ROS formation in a cell-free environment and in cell cultures and for establishing the induction of DNA damage in Caco-2 cells. HCT116 cells were selected for MN measurements since Caco-2 cells like many other cell lines are chromosomally instable and therefore not suitable for this assay (42) .
Numerous studies confirm that TiO 2 particles can induce ROS production (10, (54) (55) (56) (57) . Toxicity mediated by oxidative stress after exposure to TiO 2 NPs and MPs has been previously described in other groups (55, 58, 59) ; however, MPs showed lower intensity in ROS generation (60) , but TiO 2 NPs exposure is able to cause DNA lesions (10, (55) (56) (57) . In our study, particles in 0.05% BSA show no ROS formation, whereas in the absence of BSA (HBSS) increased levels of ROS were observed both under cellular and cell-free conditions (Figures 4 and 5) . Therefore, we conclude that BSA scavenges ROS that are formed on the surface of the particles or may prevent ROS formation by inhibiting the contact between particle surface and ROS precursors. In a cell-free environment, E171 and NPs induce significantly higher ROS production as compared to the control (Figure 4 ). These results are in agreement with the findings of Zijno et al. who have tested TiO 2 NPs with ESR spectroscopy and also observed ROS production in a cell-free environment (14) . In contrast to E171 and NPs, MPs do not induce any ROS production when they are dispersed in buffer (Figure 4) .
In a cellular environment, the capacity of E171 and NPs to produce ROS was strongly reduced while only MPs were capable of producing ROS ( Figure 5 ). We suggest that MPs via ROS production would induce a pro-inflammatory response. This was already observed in a co-culture of intestinal cells and macrophages exposed to TiO 2 MPs in which the team measured an upregulation of proinflammatory caspases and cytokines such as caspase-1 and IL-1β and IL-18 (61) . Furthermore, another group observed a Th1-mediated inflammatory response in the small bowel in mice. (62) We recently found that E171 in vivo exposure enhanced the number of tumours in the colon of mice exposed to AOM/DSS (28) . The combined exposure to AOM/DSS is commonly used for the chemical induction of colonic tumours in animal experiments where AOM acts as a DNA alkylation reagent initiating the carcinogenic process (63) . In order to shed light on the mechanisms behind these in vivo results, we co-exposed Caco-2 cells to AOM and TiO 2 particles (E171, NPs and MPs) and performed ESR spectrometry and a comet assay to detect single-strand DNA breaks and alkali-labile sites. To test the effect of AOM on ROS formation, Caco-2 cells were co-exposed to AOM and E171, NPs or MPs. ROS levels were not significantly different between cells that were only exposed to the particles and cells that were co-exposed to AOM ( Figure 5 ). This shows that the increased tumour formation in mice might not be attributed to ROS. Further in vitro and in vivo studies, such as full genome expression analysis, need to be performed to be able to conclude about the mechanisms behind the potential carcinogenic effect of E171.
The absence of ROS induction by E171 and NPs in our study could possibly be explained by the fact that after internalisation, particles react immediately with cellular structures that block ROS production. Indeed, the NPs partition would enter the cells as shown by Shukla et al. where they illustrate that the NPs of TiO 2 can easily enter the cell and even reach the nucleus of human epidermal cells (32) . After entering the cell, the radicals produced by the particles could then are represented in y-axis. Statistically significant changes and differences are indicated by an asterisk (*P < 0.05, **P < 0.01, ***P < 0.0001; mean ± SD). Three independent experiments were performed. decrease the cellular glutathione (GSH) content as shown by Shlukla et al. where they exposed human epidermal cells to TiO 2 NPs and observed a significant reduction of cellular GSH content from 8 µg/mL (32) . This would help to re-establish the redox balance. Yet the ability of E171 and NPs to interact with other biomolecules could lead to cellular alterations, including protein, RNA and DNA modifications.
The results of the comet assay showed that E171 and TiO 2 NPs and MPs are genotoxic by inducing single-strand DNA breaks and no dose-response was found for the NPs, with the genotoxicity being the same ( Figure 6 ). In addition, E171 causes chromosome damage in the HCT116 cell line measured by the micronucleus assay ( Figure 7) . As micronucleus is a fragment of DNA, it is expected to identify it by a blue staining by Hoechst dye. Then, micronucleus can be observed as circular shapes with smooth edges. The basal levels of micronucleus frequency in our results agree with previous literature, which are estimated between 2.5% and 3.2% (64, 65) .
The results from two different cell lines indicate the in vitro genotoxicity of E171. DNA damage may be the consequence of E171 interacting with microtubules, as seem to occur in HCT116 cells, which could take place during the nuclear envelope disassembly that precedes mitosis. The interaction between E171 and microtubules from the kinetochores could lead to chromosome missegregation and the formation of MN (66) (Figure 8 ). Furthermore, genotoxicity is known to play an important role in the initiation state of carcinogenesis since it can lead to changes in the genetic material resulting in alterations on cellular signalling pathways related to cell proliferation and apoptosis (62) . We therefore hypothesise that E171 genotoxicity in colon cells could be participating in carcinogenic processes such as enhancing tumour formation in an azoxymethane-induced colorectal cancer model by intragastric E171 particles administration (28) .
The colon is the major site for nutrient uptake but potentially also for hazardous compounds that can be present in the food. The E171 particles, known as food TiO 2 additive, is present in many different types of food. It is difficult to correlate between in vitro and in vivo concentrations in the gut without making a number of assumptions. Nevertheless, we made an estimation of the concentration of TiO 2 in the colon assuming the average exposure of an adult to be 1 mg/kg body weight/day (4), an average weight of 70 kg and a quantity of faeces excreted per day between 100 and 250 g/day. If we make a conservative estimate, the adult of 70 kg would ingest 70 mg of TiO 2 per day, this person would produce 250 g of faeces that would make a concentration of TiO 2 in the faeces of 0.28 mg of TiO 2 /g of faeces. Faeces contain 75% of water, so if we consider that the density of faeces is the same as water, the concentration of TiO 2 would be 0.28 mg/mL of faeces. If we assume that only 1% of these is biologically available for exposure, 0.0028 mg/mL of TiO 2 is potentially reaching the colon cells. The non-cytotoxic concentrations of TiO 2 used during the in vitro experiments are 0.01 mg/mL and 0.001 mg/mL. Therefore, the concentrations are in the same order of magnitude as the estimated concentration of TiO 2 in the colon. To the best of our knowledge, this is the first time that the genotoxicity of E171 and different size fractions were shown in colon-derived cell cultures. The findings of the present in vitro study demonstrate that TiO 2 as food additives coded as E171, even at the lowest concentration tested, have DNA damaging potential in human colonic cells and that the MPs in E171 might be the most relevant for ROS formation as shown in the presence of Caco-2 cells.
The capacity to generate ROS and to induce DNA damage raises concerns about the safe use of E171 in numerous food products.
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